Enhancing the impermeability of concrete. Reducing chloride diffusion through concrete. Revealing the morphology and interaction mechanism of materials and concrete. The effect of initial moisture content on treatments. 
Introduction
The influence that chloride ions induce on the integrity and condition of any concrete structure, especially those in contact with seawater, is considered the main reason behind their deterioration [1] . The presence of chloride within concrete texture causes corrosion of embedded steel, which in turn expands through the whole texture of concrete, initiating spalling and delamination of concrete [2] [3] [4] [5] [6] . Accordingly, British and European standards concerns were aroused by the complications generated by the presence of chlorides in concrete composition, and the chloride content has been limited to values that range between 0.2 and 0.4% in reinforced concrete and 0.1-0.2% in the case of prestressed concrete [1, 7] .
One of the main factors affecting the mechanism by which chloride passes through the pores of concrete is its moisture content, which results from the exposure of concrete to different environmental circumstances. Complete diffusion is believed to take place in saturated concrete like those soaked under water, and sorption is preponderant in concrete subjected to sea and oceanic atmospheres, concrete pavement in contact with de-icing agents, and dry concrete that is found in arid areas [8, 9] . In the case of partially saturated concrete, capillary suction and diffusion of chloride ions are credited for the whole process of chloride transport [9, 10] addition, it was proven by Conciatori et al. [11] that environmental conditions and the quantity of de-icing agents are the major elements in the process of chloride transport, eliminating the importance of concrete cover when concrete is in direct contact with saline water [11] .
In order to increase the service life of concrete and reduce the cost of maintaining structures, more cost-effective solutions were followed which commence with the construction phase of these structures [12] . In view of that, decision makers and research administrators started to promote the use of surface applied protective materials to control and inhibit chloride ingress and water absorption into concrete structures [13] . Silane and siloxane materials were the most dominant options in protecting concrete, and since the 1980s, most of the research focused on testing these materials and enhancing their performance [14] [15] [16] [17] [18] [19] . Conversely, some recent studies discussed the impact of those materials on the environment, and proved their harmful effect on natural resources and environment as their main constituent is made from the solvent and organic materials [20, 21] . Moreover, silane/siloxane materials were found to be less effective when applied to saturated concrete [21] [22] [23] . Accordingly, researchers started to explore other options that do not impose any risks to the ecosystem and have a high affinity for water at the time of application [24] . Some alternative materials were either extracted from natural resources, like vegetable oils and animal blood and fats, or manufactured from low-risk chemicals, like silicate and crystalline materials [24] [25] [26] [27] [28] [29] [30] . Moreover, many researchers implemented the crystalline technology and other treatments in their research, and obtained some promising results in reducing water absorption and chloride diffusion in concrete [31] [32] [33] [34] [35] .
In this study, the efficacy of four protective materials were tested to assess their performance when applied to concrete with different moisture contents. These materials are Fluoropolymer, Silicone resin, Sodium acetate, and solvent-based silane. More information about the materials are discussed in Section 3.1. The review of existing studies and literature indicated that no experimental investigations were run on the previously mentioned nature-friendly materials to study their performance in saline environments. Likewise, the effect of moisture content on the efficacy of applied materials was not discussed.
Research objectives
The significance of this study springs from the insufficient performance of most available materials and the necessity to compensate for their shortcomings. Therefore, the primary objectives of this research are:
1. Investigate the performance of three surface applied materials in protecting and waterproofing concrete in saline environments, and compare their performance to traditional silane. 2. Studying the influence of moisture content on the applied dosage and efficacy of the protective materials. 3. Establish a better understanding of the interaction mechanism and behaviour of the applied protective materials with concrete in the presence of different moisture contents.
Experimental work

Materials
Four protective materials were applied to the surface of concrete; Fluoropolymer, Silicone resin, Sodium Acetate and liquid Silane.
Fluorine is the main constituent of fluoropolymer, which gives it the ability to resist chemical attacks and repel water (hydrophobicity). The amalgamation of fluorine in polymers provides the attached polymer with lower surface energy that increases its hydrophobicity and decreases its friction coefficient and adhesion [36] [37] [38] . When fluoropolymers are applied on concrete, the fluorine part of the polymer has the ability to form a well-organised structure on the surface of concrete that results in a sheet, which is combined of strongly, bundled -CF 3 groups [36, 39] . This gives the concrete the ability to repel water and reduces its water absorption, as it increases its hydrophobicity. Regardless of the role that fluoropolymers play in decreasing water absorption, some recent research found that fluoropolymers with long fluorinated side chains are hazardous to the environment and may cause cancer [40] . Accordingly, in this research, an environmentally-friendly fluoropolymer material with short fluorinated side chains was used with a hydrocarbon link between the fluorinated side chain and acrylic [41] .
Silicone resin is a hydrophobic material that coats the internal walls of concrete pores with a film to repel water [2] . Little research has discussed this material, and for that reason, insufficient information about its performance against chloride or water penetration through concrete is known [2, 41] .
The Sodium acetate compound when first applied to concrete works on absorbing water that exists in the pores to form crystals. These crystals line the pores, without blocking them, allowing concrete to breathe and work on repelling penetrated water out of these pores. This material has an advantage over other commercially available and used materials, where it can be applied on wet surfaces and still works efficiently [41] . Fig. 1 shows a schematic model for untreated concrete and concrete treated with the sodium acetate solution, and how the material line the pores of the concrete.
For comparison purposes, a solvent-based silane with 100% active content was applied to concrete as well. One silicon atom is the main constituent of the pure silane compound, as shown in Fig. 2a . Alkoxy and Alkyl silanes are the main silane's derivatives that are used as hydrophobic surface applicants [42] . A typical alkyl alkoxy molecular structure is shown in Fig. 2b . When silane is applied to the concrete surface, it will penetrate through the pores and implanted in the pores. The organic alkylic OCH 3 group will overhang from pores' walls and make it water-repellent due to its fatty nature [14, 42] .
A concrete mix with water to cement ratio (w/c) of 0.46 was produced following the British standard BS 1881-125 [43] . All the previously mentioned protective materials were applied to concrete surface until refusal and following to the manufacturers' guidelines. The mix design of the used concrete mix is shown in Table 1 .
Test specifications and specimens
190 cubes with the dimensions of 100 mm Â 100 mm Â 100 mm were cast; 180 cubes treated with the four protective materials and 10 control cubes. 95 cubes were tested for water absorption using the Initial Surface Absorption Test (ISAT), and the other 95 cubes were tested for Chloride penetration by using the Salt Ponding test. All treated cubes were conditioned before applying the protective materials; 40 cubes were fully dry, 40 cubes with 2% moisture, 40 cubes with 4% moisture, and 60 cubes were fully saturated. Cubes were fully immersed in water and their masses were measured after immersion at different intervals until the desired saturation level is achieved. Fig. 3 shows the testing protocol and the moisture content of the samples before applying the treatment. In the case of fully saturated cubes, they were tested twice; when they are still saturated and after drying them.
After demoulding the concert samples, they were cured in a water tank with a temperature of 21°C for 28 days. Once the curing period was finished, all concrete samples were dried in an oven at 105°C until a constant mass was achieved (fully dry). The masses of cubes were measured after drying, and they were conditioned as follow:
Condition 1: 40 cubes were treated when they were assured to be fully dry. Condition 2: 40 cubes were soaked in water until their moisture content (saturated surface dry) reached 2%. Condition 3: 40 cubes were soaked in water until their moisture content (saturated surface dry) reached 4%. Condition 4: 60 cubes were soaked in water until their moisture content (saturated surface dry) reached 6% (fully saturated). This was considered as fully saturated condition because concrete started to gain less than 0.01% moisture in 24 h.
Materials were applied to concrete surfaces when the required saturation level was achieved. The application process continued until refusal (when concrete starts to reject any further applied material) and following to the manufacturers' guidelines. After the application of materials, part of the cubes in condition 4 was dried before testing, and the other part was tested without drying.
Concrete refusal for applied materials was measured by weighing the cubes before and after the application, to check the affinity of the applied materials to water and relate it to their performance when tested for water absorption and chloride penetration.
Scanning Electron Microscope (SEM), Energy-dispersive X-ray spectroscopy (EDX), and Fourier-transform Infrared Spectroscopy (FTIR) analyses were run on the tested materials to evaluate their morphology and their interaction with concrete. To achieve this purpose, materials were subjected to cryodesiccation (freezedrying) to convert them from liquid state to solid state to facilitate their analysis procedure. Afterwards, the resulting powder samples, and treated concrete samples, were coated with a thin film of gold to make them conductive, before imaging them with the scanning electron microscope at 20 kV.
Water absorption of all samples was determined by using the ISAT test [44] . Also, the resistance of concrete for chloride diffusion was assessed by using the unidirectional salt-ponding test [21, 45, 46] . The specimens were ponded with a saline solution with 5% NaCl, and the test was run for 90 days. After finishing the testing period, powder samples from different depths of 5 mm, 10 mm, 15 mm, 20 mm, and 50 mm were collected, and the chloride content at each depth was measured by using Volhard's method, and with applying the following equation [47] :
where; CC: chloride content percent (%). f: molarity of silver nitrate solution. V1: volume of the ammonium thiocyanate solution used in the titration (ml). V2: volume of the ammonium thiocyanate solution used in the blank titration (ml). m: mass of concrete sample (g). 
Results and discussion
Material refusal
The effect of moisture content on the dosage of protective materials was assessed by measuring the amount refused by concrete. Table 2 outlines the amount of material rejected by preconditioned concrete.
It is evident that the wasted amount of applied materials increases with increasing the moisture content of concrete. However, Sodium acetate showed the least rejection rate, compared to other materials, when applied to concrete with high moisture content. This is due to its high affinity to water as it uses a certain amount of water to form its crystals. On the other hand, Silane showed an increase in the rejection rate by increasing the moisture content of concrete, and it reached more than 40% when applied to fully saturated concrete. However, when applied to fully dry concrete the rejection rate was the least of all materials, which is reflected on its performance in providing the optimal protection to concrete. Rejection rates for Fluoropolymer and Silicone resin were in the middle of the previously mentioned materials.
Morphology and interaction of materials 4.2.1. Microstructure and elemental composition analyses
The need for properly characterizing the applied treatments will help in explaining the way these materials work and their interaction with concrete. It is obvious that the morphology of the three materials differs from each other, as seen from their microstructure in Fig. 4 . The utilization of the tested materials for the purpose of concrete protection, or even masonry structures [29] , relies on the analysis of the materials themselves and the characteristics of their constituents.
Results from EDX analysis showed that the main elements composing Sodium acetate compound are Carbon, Oxygen, Sodium, and Silicon. These elements preliminary confirms that the active part of this compound is sodium acetate, which contains the former elements except Silicon [48] . This compound is believed to diffuse through the pore structure of concrete, links to the walls of the pores and starts forming its crystals in the presence of water. These crystals are characterised by being hygroscopic as they use water for their development; they trap water inside their crystalline structure and reduce the concrete's permeability [48] . The pres- ence of silicon in the elemental composition of this compound and the hydrophobic performance of the compound might indicate the formation of another type of crystals. It is suggested that an organosilicon composite might be present in the material, which is an organometallic compound with bonds of carbon and silicon [49, 50] . The main characteristic of the organosilicon compounds is their high hydrophobicity, which gives them the advantage of being used for concrete protection. Furthermore, it is also believed that the presence of sodium and silicon in the composition of this compound will start a reaction with the calcium hydroxide, presents in concrete, and generates some amounts of silica crystals [51, 52] . These silica crystals work on reducing the size of pores rather than blocking them allowing concrete to breathe and allowing for oxygen diffusion [53, 54] . The microstructural analysis of sodium acetate, before applying to concrete, as shown in Fig. 4a on the left, revealed the presence of this material in dense and packed formation with amorphous and smooth surfaces, which contribute directly to increasing the material's hydrophobicity [55] [56] [57] . This would be seen in treated concrete (Fig. 4a on the right), as the sodium acetate material has made the internal structure of concrete denser and more compact, which would be reflected on its strength and rigidity. This aspect is discussed in details in Section 4.2.2.
Analysing the Fluoropolymer material under the EDX has revealed that Fluorine, Carbon and Oxygen are the main constituents forming its elemental structure. As discussed in Section 3.1, the presence of fluorine will provide the material with hydrophobic properties, which will contribute directly to concrete protection and waterproofing. A microstructural analysis for this material, as shown in Fig. 4b (on the left) , reveals that it forms fine, smooth and 'needle-shaped' polymers with sizes less than 200 nm. Their shape, size and characteristic are suggested to give enough support for the material to be integrated easily within the concrete pores and attached strongly to their walls [54, 58] . The interaction between fluoropolymer and concrete (Fig. 4b on the right) shows the integration of the material within the pores of the concrete and their dense distribution on the pores' walls. After the penetration of Fluoropolymer through the pores, its shape is recognised as 'rice-shaped' or 'pebble-shaped' clusters that are attached to the walls of pores and distributed over a wide area of them (Fig. 4b  on the right) . The small size of these clusters, their smooth surfaces and their high distribution within the pores allow them to act strongly against water and chemicals penetration.
EDX analysis of the Silicone resin material has shown that carbon, oxygen and silicon are the main elements of its composition. The structural analysis of this material, described in Fig. 4c on the left, shows an attached sheet of resins that work together as one unit. The presence of the material in this state eases its connection to the pores as shown in Fig. 4c (on the right) . When applied to concrete, a silicate gel will develop and initiates strengthening points in the internal parts of the pores [12, 59] . Hydroxyl groups, formed from the by-products of cement, will possibly react with the silicon in the silicone resin, in the presence of hydrogen bonds, allowing silicone resin to link strongly with the pores all over the drying time. This would possibly guarantee the development of some hydrophobic properties [60] .
Comparing the materials above with silane (Fig. 4d) , the former works on entirely blocking the pores, not allowing concrete to breathe, because of the alkoxy group that forms its molecular structure [60] . This alkoxy group will generate a Silanol group, after its reaction with water, and congregate inside the pores and block them [60] . The aerogel microstructure of silane, as appears in Fig. 4d on the left, shows an obvious gel structure with multiple groves that increase the material's surface area. This gives the material the ability to extend its presence inside the pores and block them. Fig. 4d on the right reveals the presence of silane inside concrete in large-sized lumps, which are distributed all over the shown cross-section.
Functional groups of the protective materials
FTIR spectroscopy was chosen to run a quantitative analysis on the protective materials and their interaction mechanism with concrete. This technique is well known for its high sensitivity, accuracy, and reliability in quantifying and analysing materials [61, 62] . The FTIR spectra of the protective materials and their interaction with concrete are shown in Fig. 5a-d that may correspond to the -CH and -OH stretching vibrational bonds [63] . These peaks are caused by the non-harmonic resonances of the -CH and -OH bonds in the crystal of the acetic acid chain (CH 3 COOH) forming sodium acetate [64] . The band range between 873 and 797 cm À1 mostly refers to the -CO 3 bond [65] and the strong -CH 2 rocking vibrational bond in the Si-CH 3 fragment of the material's molecular structure [63] . Also, it is believed that 1478 to 1395 cm À1 band may correspond to the stretching vibrations of the C-H bond [66, 67] . Finally, the 1083 cm À1 refers to the stretching vibrational C-O bond in the -COOH carboxylic acid part [63] . After treating concrete with sodium acetate (Fig. 5a ), an increase in the peaks' transmission (%) has been observed within the 2966 to 2893 cm À1 range (-CH and -OH). This increase in the intensity of the hydrogen bond could refer to the reaction between sodium acetate solution and concrete components in the presence of moisture, where sodium acetate dissociates in water at the beginning to form CH 3 COO À and Na + ions [63, 64] . Afterwards, CH 3 -COO À is believed to connect with concrete pores by reacting with sodium that already exists in concrete to form another type of sodium acetate crystals, which link strongly with concrete pores. This process has a strong influence in increasing the intensity of the C-H bond (Fig. 5a ). In addition, it is noticed that the peaks at 1478 and 1395 cm À1 had become sharper when concrete was treated with sodium acetate, regardless of the reduction in their transmission, which might reflect the increase in the strength of the C-H bond after treatment. On the other hand, the detached Na + ions are suggested to react with the available moisture to form a sodium hydroxide (NaOH) product, which in turn participates in increasing the intensity of -OH bonds. The observed reduction in the intensity of the C-O and -CO 3 bonds could result from the ionic reaction between the unreacted and CO 2 gases as described in the following reaction [70, 71] :
When it comes to the hydrophobicity of the sodium acetate solution, it is believed that a substitution process for the -OH groups with CH 3 groups takes place, which results in increasing the intensity of the C-H peaks. With the presence of Silicon in the used sodium acetate component (Section 4.2.1), CH 3 will bond with silicon after its penetration in concrete to form an organosilicon bond with some hydrophobic effect [72] [73] [74] .
The FTIR analyses of the fluoropolymer material and concrete impregnated with fluoropolymer are shown in Fig. 5b . The fluoropolymer material has a number of distinctive bands; the sharpest band is found at 2967 cm À1 that refers to the C-H stretching vibrational bond [64, 76, 77] . Another distinctive small peak could be spotted at 2893 cm À1 that also refers to the C-H stretching vibrational bond [64, 76, 77] . Both bands are observed to increase after treating concrete with fluoropolymer, which might refer to the formation of strong carbon bonds between concrete bands are mostly associated with the C-H stretching vibrational bonds, which are observed to be distinguished with small peaks when concrete is treated with Fluoropolymer [66, 67] . The formation of these small peaks might also indicate the creation of carbon bonds between the applied fluoropolymer and concrete pores. Furthermore, the transmission (%) of the 1083 cm À1 peak, which might correspond to the strong stretching vibrational C-F bond [63, 75] , has been observed to increase by more than 4% when adding Fluoropolymer to concrete. Accordingly, the increase in the intensity of this peak could be linked with the hydrophobic effect that fluoropolymer gives to concrete; fluorinated side chains are assembled together to form a tight -CF 3 groups that provide concrete with hydrophobicity [36] .
In the IR spectra of silicone resin and its interaction with concrete (Fig. 5c) , two sharp distinctive peaks are noticed at 2966 cm À1 and 2893 cm À1 bands, and two broad peaks at 1478 cm À1 and 1395 cm À1 . All of them are believed to belong to the C-H stretching bonds, and they have shown an increase in their transmission (%) after treatment [64, 67, 68, 78, 79] . This increase in intensity was accompanied with an increase in the intensity of the 1083 to 1012 cm À1 bands (become broader) in treated concrete, which belong to the Si-O-Si absorption bond [77, 78] . The increase in the intensity of the C-H and Si-O-Si bands might refer to the high activity of silicone resin, which leads to the breaking of the hydrogen bonds in the material after impregnation into concrete and in the presence of moisture inside the pores. This will participate in consuming the calcium hydroxide that resulted from the hydration process, contributing towards the enhancement of the interfacial properties of the material and its adhesion with concrete [78] . Fig. 5d shows the IR spectra of Silane and its interaction with concrete. The 2967 cm À1 sharp peak presents the most distinctive band in the spectra, which corresponds to the -OH stretching vibrational bond [63] . After applying silane to concrete, the band has shown an increase in its intensity going with another increase in the intensity of the 1079 to 1011 cm À1 bands, which belong to the Si-O-Si bonds [64, 78, 79] . This increase in the transmission (%) of those bonds might refer to the reaction between silane and moisture inside the pores, which leads to the formation of silanol groups by the hydrolysis of alkoxy groups in silane [79] . Finally, a linkage between concrete and hydroxyl groups in silane will take place after the drying of the pores, creating a strong bond between them.
Water absorption
The ability of treated and untreated concrete samples to resist water absorption was assessed by the ISAT, and outcomes from this test are outlined in Fig. 6 .
As expected, fully saturated concrete showed the least water absorption rate when tested before drying (Fig. 6d) . This is due to the presence of water that fully occupies the pores, not allowing more water to be absorbed, which shows a 'pseudo-performance' for the treatment. Accordingly, samples were dried after applying the materials to show the right performance of these materials when applied to fully saturated concrete. After drying, a high increase in water absorption can be noticed (Fig. 6e) , which reflects the right performance of applied materials. Sodium acetate has provided the optimal protection under all preconditions except the fully dry condition, which might refer to its need for a certain amount of water to form its active crystals, as explained in Section 4.2.2. It is also noticed that sodium acetate has shown better performance for saturated concrete after drying, which denotes its high affinity to water and its ability to work well in the presence of water. Moreover, reflecting the rejection rate of this material, once applied to saturated concrete, on water absorption outcomes, it shows that the presence of its high active content (around 75%) in concrete enhanced water impermeability, compared to other materials especially silane. Sodium acetate uses a certain amount of water to create hydrogen bonds with concrete that allows the material to link properly in the pores, and at the same time, the material will create hydrophobic organosilicon crystals that work on fending off excess water [68] [69] [70] [71] [72] [73] [74] . A similar drop in water absorption was noticed previously in the work of Reiterman and Pazderka [13] when applying protective materials with similar technology to concrete [31] .
Increasing moisture content above 2% showed an obvious negative effect on the performance of silane; exploring the sequence of water absorption for concrete treated with this material through Fig. 6a -e, shows the deficiency of this material to provide proper protection when the moisture content is higher than 2%. This refers to the activation process of silane inside the pores; it either needs to be applied on concrete with small amounts of water or on dry concrete surfaces to activate the silanol groups that provide the material with its hydrophobic properties [79] . Silane mainly depends on the penetration depth it can achieve when applied to concrete, and this penetration depth is a fundamental requirement for an effective protection [80] . In the presence of high amounts of water inside the pores (>2%), the penetration depth of silane would be nominal and insignificant which affects its efficacy in protecting concrete. Another reason for the reduction in silane's efficacy when applied to concrete with high moisture content (>2%), is the presence of Alkoxy groups that are attached to its silicon atoms and provide silane with its fatty nature. These Alkoxy fatty groups are supposed to react with silicate in concrete to establish a stable bond with concrete. In the presence of high amount of water in concrete, and with the hydrophobic properties of the Alkoxy groups, the bonding between silane and concrete would be difficult [1] . Most of the marine structures are damp all the time due to their continuous contact with water, which makes their treatment with liquid silane an economic waste (matching results in Table 2 with Fig. 6a-e) .
Fluoropolymer and silicone resin have shown a converging performance with better efficacy for silicone resin. They both had an average performance between sodium acetate and silane in reducing water absorption. However, silicone resin has shown a higher affinity to moisture than fluoropolymer due to its interaction mechanism with concrete that depends on the presence of certain amounts of moisture for better adhesion inside the pores, as discussed in Section 4.2.2. In the presence of moisture in concrete, silicone resin works on breaking the hydrogen bonds, increase the rate of consuming calcium hydroxide and link its silicates on the walls of the pores with strong carbon and silicon bonds. On the other hand, fluoropolymer showed its optimum efficacy when applied to dry concrete, with a gradual reduction in its efficacy when moisture content increases inside the pores (Fig. 6a-e) . This refers to the low surface energy of the fluorinated side chain of the material, which decreases its adhesion to applied surfaces in the presence of water [81, [36] [37] [38] .
Chloride penetration
The concentration of the free chloride in concrete at different depths and with different pre-conditions are shown in Fig. 7a-e. As expected, the chloride content reduces with increasing the depth from the exposed surface for all the preconditioned samples. When observing the chloride content on the surface of all samples (0-5 mm), it is witnessed that their values show some anomaly for some of the exposure conditions, especially when concrete is treated with silane. This refers to the carbonation of some concrete surfaces that liberates some constrained chlorides [82] . Adding to that, silane could contribute to accelerating the carbonation rate of concrete in laboratory conditions [83] .
Referring to the fully dry condition (Fig. 7a) , silane has shown the least chloride content compared to other materials and control. This could be linked with the rejection rate of silane in Table 2 , as more than 91% of its active content has been integrated within the pores of the concrete. When silane is applied to dry surfaces, Alkoxy groups that are bonded with silicon atoms in silane will react with the silicate, which already exists in concrete, and adhere strongly in the pores [1] . With increasing the moisture content of concrete before treatment, the protection efficacy of silane decreases until it reaches its minimum when applied to fully saturated concrete (the same reason discussed in Section 4.3). Adding to that, the continuous impact of aggressive chemicals over a long period will participate in breaking the hydrophobic Si-O-Si bonds of the applied silane and reduces its efficacy, especially when it is applied to wet surfaces [82, 84] . On the other hand, sodium acetate and silicone resin where less efficient than silane when applied to dry concrete, due to their interaction mechanism with concrete that needs the presence of moisture inside the pores, as discussed previously in Sections 4.2.2 and 4.4. Furthermore, their efficacy starts to increase by increasing the moisture content in concrete (Fig. 7b-e) . In contrast, Fluoropolymer has shown the best performance when applied to dry concrete, and its efficacy declined with increasing the moisture content of concrete. Water forms a barrier between concrete and the applied Fluoropolymer that weakens the adhesion of Fluorine to concrete [81, [36] [37] [38] .
When referring to fully saturated concrete (before drying) (Fig. 7d) , it could be seen that the chloride content for all samples is less than for fully dry, partially saturated and fully saturated (after drying) concrete. Chloride transport in fully saturated concrete depends mainly on ion diffusion, which is the same transport process that takes place in submerged marine structures. Accordingly, the low amount of chloride in saturated concrete is attributable to the formation of a protective layer on concrete surface that decreases chloride permeability. This occurs with increasing ion diffusion due to the reaction between the saline solution and concrete, resulting in coatings of Mg(OH) 2 (Brucite) and CaCO 3 (Aragonite) [82, 85] . After drying fully saturated concrete, the chloride content is witnessed to increase, as the penetration of chloride through the pores is backed by capillary absorption of the saline solution following direct contact [85] .
Summary and conclusions
Based on the performance evaluation of three surface applied protective materials; sodium acetate, fluoropolymer, and silicone resin, their mechanism, morphology and interaction with concrete have been investigated and compared with a commercially available silane. The effect of concrete moisture content on the efficacy of the treatment has been investigated in terms of water absorption and chloride penetration. An increase in the moisture content of concrete resulted in an increase in the rejection of concrete to the applied materials especially silane. Sodium acetate has shown the least rejection rate with increasing the moisture content of concrete followed by silicone resin, fluoropolymer and silane, respectively. The increase in water absorption and chloride penetration of treated concrete was associated with the rejection rate of the materials and their affinity to water, where sodium acetate has provided the maximum protection when applied to fully saturated concrete followed by silicone resin. On the other hand, silane provided its maximum efficacy when applied to fully dry concrete followed by fluoropolymer. The elemental composition, microstructural analysis and functional groups of the materials have revealed their interaction mechanism with concrete and their bonding inside the pore structure of concrete. Sodium acetate dissociates inside the pores in the presence of water to form crystals with a hydrophobic effect (with organosilicon bonds) that connect strongly with the pores and increase their hydrophobicity. In contrast, and due to the low surface energy of the fluorinated side chain of fluoropolymer, the presence of water inside concrete will prevent fluoropolymer from adhering to the pores. Silane was found efficient if only applied to dry concrete or to concrete with low moisture content ( 2%) because of the presence of the hydrophobic Alkoxy groups in its composition. On the other hand, silicone resin has displayed a reasonable efficacy when applied to wet concrete, as it works on breaking the hydrogen bonds and on consuming the calcium hydroxide resulted from the hydration process, which increases its adhesion to concrete.
Microstructural analysis of materials has revealed the presence of sodium acetate in the pores with dense and packed formations with amorphous and smooth surfaces, which contribute directly to increasing the material's hydrophobicity. Fluoropolymer was found to present in fine, smooth and 'needle-shaped' polymers with sizes less than 200 nm, which helps it to attach strongly in the pores. Silicone resin was noticed to form an attached sheet of resins that eases its connection to the pores. Moreover, silane was found to have a gel structure with multiple groves that increase the material's surface area. This gives the material the ability to extend its presence inside the pores and block them.
The suggested materials would have a high impact in protecting concrete structures that exists saline environments, especially in the presence of high humidity, since they were proven to work well in the presence of moisture.
